In this review of neuroanatomical studies of the genetically epilepsy-prone rat (GEPR), three main topics will be covered. First, the number of GABAergic neurons and total neurons in the inferior colliculus of GEPRs will be compared to those of the non-epileptic Sprague-Dawley rat. Next, the number of small neurons in the inferior colliculus will be described in both developmental and genetic analyses of GEPRs and their backcrosses. Last, results from two types of studies on the propagation pathways for audiogenic seizures in GEPRs will be shown. Together, these studies demonstrate a unique GABAergic, small neuron defect in the inferior colliculus of GEPRs that may play a vital role in the initiation and spread of seizure activity during audiogenic seizures.
taken together indicate several abnormalities in the inferior colliculus of GEPRs, including a possible defect in GABA-mediated inhibition. It has been hypothesized that a decrease in the neurotransmitter, GABA, can cause a significant loss of inhibition and result in a hyperexcitable state [7] . Our previous neuroanatomical studies of a nonhuman primate model of focal epilepsy are consistent with this hypothesis because a preferential loss of GABAergic axon terminals and neurons occurs at epileptic foci created by alumina gel in monkeys [8, 9] . Therefore, the studies on GEPRs, and specifically the inferior colliculus, that will be described in this section, were made to test the GABA hypothesis in this genetic model of audiogenic epilepsy.
An initial study was made in the inferior colliculus using immunocytochemistry to determine whether GABAergic neurons were altered in this region of GEPRs [10] . We employed antibodies to the GABA synthesizing enzyme, glutamate decarboxylase (GAD), and showed that the inferior colliculus of GEPRs displayed an increase in the number of GAD-positive neurons as compared to that of Sprague-Dawley rats [10] . These latter rats were chosen because the GEPR strain derives from Sprague-Dawley rats by selective breeding for susceptibility to audiogenic seizures. It should be noted that Sprague-Dawley rats did not have audiogenic seizures after loud auditory stimuli. The increase in the number of GAD-positive neurons was most evident in the midlevel of the central nucleus of the inferior colliculus [10] . Moreover, greater numbers of GAD-positive neurons are found throughout this central nucleus of GEPRs [10] . This increase in GAD-positive neurons was found for only the small (10-15 μm) and medium-sized (15-25 μm) GAD-positive neurons (Fig. 1) , and the small GABAergic neurons were increased more than the medium-sized ones [10] . The increase was greater in the ventrolateral part of the central nucleus of the inferior colliculus than in the dorsomedial part. The increased number of GABAergic neurons in the GEPR also occurred in other subnuclei of the inferior colliculus. Paradoxically, the GEPRs were shown to have increased numbers of GABAergic neurons in the brain region where audiogenic seizures are generated. These findings are the opposite of the results found in the monkey model of focal epilepsy where the epileptic focus had decreased numbers of GAD-positive neurons [8, 9] .
Further studies were needed to confirm the results from the GAD immunocytochemical studies that showed an increase in the number of GABAergic neurons in the inferior colliculus of GEPRs. The first of these studies used Nissl preparations of the central nucleus of the inferior colliculus, and it revealed a heterogeneous population of small, medium-sized and large neurons in this brain region [10] . Consistent with the quantitative data on GADpositive neurons, there were more neuronal somata in the Nissl preparations from GEPRs than from those obtained from Sprague-Dawley rats (Fig. 2) . This increase in the numbers of small (100%) and medium-sized (30%) neurons in GEPRs was consistent with the magnitude of the increase in GAD-positive cell types. An analysis of the volume of the inferior colliculus in both GEPRs and Sprague-Dawley rats was made to determine whether there was shrinkage in the GEPRs of this brain structure that may explain the increase in the number of small and medium-sized neurons. However, no difference in the volume of the inferior colliculus was found [10] . Therefore, these data on the increase in small and medium-sized neuronal somata in the inferior colliculus of GEPRs confirm the observed increase in GABAergic neurons.
The Nissl preparations of the inferior colliculus of GEPRs often showed clusters of small neuronal somata. Electron microscopy was used to confirm this observation and electron micrographs of the inferior colliculus of GEPRs had clusters of 4-5 small neurons apposed to each other or separated by only a thin astrocytic process [11] . In contrast, such clusters were rarely observed in the inferior colliculus of Sprague-Dawley rats [12] . Therefore, the increase in cell number in GEPRs was confirmed by another neuroanatomical method, electron microscopy.
Another study that was made to confirm the results from the GAD immunocytochemical study utilized in situ hybridization and emulsion autoradiographic techniques to show the neurons with GAD mRNA, a molecule that is required to synthesize GAD [13] . Hybridization was performed using a 35 S-labeled RNA probe complementary to a span of monkey GAD mRNA. Labeled cells in the central nucleus of the inferior colliculus were different sizes and corresponded to descriptions of the GAD-immunolabeled cells [14] . GEPRs had significantly greater numbers of GAD 67 cRNA labeled neurons in the central nucleus of the inferior colliculus than Sprague-Dawley rats [13] . These data confirmed the finding of increased numbers of GAD-immunolabeled neurons in the inferior colliculus of GEPRs [10] . The specificity of this GAD mRNA defect for the inferior colliculus was evidenced by the finding that the frontal cortex, an area of the brain not involved in audiogenic seizures, showed no differences in hybridization between GEPRs and SpragueDawley rats [13] .
The last of our studies of GABAergic structures in the inferior colliculus of GEPRs was an analysis of the GABAergic axon terminals in electron microscopic preparations [11] . Using immunocytochemical preparations, GABAergic synapses were labeled using both GAD and GABA antibodies [11] . GABA-or GAD-positive reaction product was localized to only axon terminals that made symmetric synapses and these axon terminals contained several mitochondria [11] . These GABAergic axon terminals from GEPRs were similar to those shown in a previous study of the inferior colliculus of Sprague-Dawley rats [14] . Unfortunately, the GABA receptors were not analyzed at these GABAergic synapses because the probes for such receptors and the methods needed to quantify the number of receptors were not available at the time these studies were being completed. Such data would be helpful in understanding the reason why more GABA inhibition is needed in the inferior colliculus of GEPRs.
In summary, the neuroanatomical studies of the GABAergic system in GEPRs showed greater numbers of small, GABAergic neurons in the central nucleus of the inferior colliculus of GEPRs as compared to Sprague-Dawley rats using both immunocytochemical and in situ hybridization methods. The data obtained from Nissl preparations showing increased numbers of small neurons in the inferior colliculus of GEPRs are consistent with the increase in GABAergic neurons in this structure. The GABAergic axon terminals in the inferior colliculus of GEPRs were shown to form the typical inhibitory type of synapse, symmetrical, that was also found in Sprague-Dawley rats. These data taken together with the finding that it takes more GABA in the inferior colliculus of GEPRs to produce the same amount of inhibition in Sprague-Dawley rats [4] , suggests that a deficiency is present in GABAergic transmission in the inferior colliculus of GEPRs. This deficiency at the GABA synapse may involve a GABA receptor mechanism in GEPRs. Further studies need to be performed to test this hypothesis that a specific subunit of the GABA receptor may be lacking at synapses in the GEPR inferior colliculus.
PART II -Developmental and Genetic Studies in GEPRs
It remains to be determined whether the increase in the number of small, GABAergic neurons in the inferior colliculus of GEPRs is the cause of the seizures or is a compensatory mechanism in response to seizure activity. The first approach that was used to resolve this issue was a study of young GEPRs prior to the age at which they were responsive to audiogenic seizures [15] . For this developmental analysis, the numbers of small neurons in the inferior colliculus of young (4-6 and 8-10 postnatal days) GEPR offspring were analyzed in light microscopic preparations. The results showed an increase in the number of small neurons in the inferior colliculus of both ages analyzed of the young offspring of GEPRs as compared to age-matched Sprague-Dawley rats [15] . Nissl preparations were used for this analysis. The substantial increase in the number of neuronal cell bodies in young GEPRs as compared to the Sprague-Dawley rats indicated that the increase in cell number observed in the adult GEPR inferior colliculus is not compensatory for the seizure activity because this increase is present prior to the time the GEPRs respond to audiogenic seizure stimuli. Instead, the data indicate that the increase is genetically programmed because it is present prior to the time when audiogenic seizures begin. This conclusion is consistent with a GABA receptor defect in the inferior colliculus that may be present prior to the age at which audiogenic seizures begin.
The second approach that was used to determine whether an increase in small cell number in the inferior colliculus of GEPRs is genetically associated with audiogenic seizure behavior involved an analysis of the inheritance of audiogenic seizures in the progeny of GEPRs and Sprague-Dawley rats [16] . Offspring of GEPRs crossed with Sprague-Dawley rats as well as backcrosses made with F1 rats and either GEPRs or Sprague-Dawley rats were examined in a classic genetic analysis [16] . Small neurons were counted in the inferior colliculus from cresyl violet-stained sections from adult GEPRs, Sprague-Dawley rats, F 1 rats and F 2 (4 types of backcrosses) rats to determine if an increase in neuron number in the inferior colliculus is correlated with seizure behavior. All of the rats were tested for audiogenic seizures and a response score was given on a scale of 0 to 9 with 9 being the typical full seizure with wild running and clonic-tonic movements and 0 being no seizure [1] .
The results of the genetic studies indicated a polygenetic inheritance of this autosomal dominant trait of audiogenic seizure susceptibility because the F 1 generation had a ratio of greater than 3:1 of audiogenic seizure susceptibility [15] . For the quantitative study of neuronal density in the inferior colliculus, statistically significant increases in the number of both small and medium-sized neurons were found in rats with high audiogenic seizure scores (7-9) as compared to the F 2 and Sprague-Dawley rats that had no audiogenic seizures [15] . In addition, offspring from the F 1 cross to GEPRs that had high audiogenic seizure scores had increased numbers of small neurons as compared to the offspring from F 1 rats crossed with Sprague-Dawley rats that had no audiogenic seizures [15] . Finally, the data from the 25 rats in this study generated a 0.9 coefficient of linear correlation between audiogenic seizure scores and the number of small neurons in the central nucleus of the inferior colliculus (Fig. 3) . These data showed that the inheritance of audiogenic seizures is closely linked to the number of small neurons in the central nucleus of the inferior colliculus.
PART III. Seizure Propagation Pathways with Origin in the Central Nucleus of the Inferior Colliculus of GEPRs
Previous studies showed a loss of audiogenic seizures following bilateral lesions of the inferior colliculus or bilateral lesions of ascending auditory pathways to the inferior colliculus [2, 3] . Later studies showed that bilateral lesions of the reticularis pontis oralis nucleus of the brainstem reticular formation blocked the tonic motor component of audiogenic seizures [17, 18] . Therefore, this nucleus in the reticular formation appears to be an important site for the common motor outflow to the spinal cord for eliciting the distinctive motor activity and clonic-tonic movements that characterize audiogenic seizures in GEPRs. It is important to note that the major ascending projections of the inferior colliculus are to the medial geniculate nucleus in the thalamus and to the deep layers of the superior colliculus [19] . Also, no direct projection from the inferior colliculus to the reticularis pontis oralis nucleus was shown to exist [20] . The following studies [21, 22] used neuroanatomical methods to determine the projections from the inferior colliculus that play a role in seizure propagation in GEPRs following audiogenic stimuli.
The first study analyzed the rostral projections from the central nucleus of the inferior colliculus using bilateral knife cuts of both the superior and inferior colliculi to determine their effect on audiogenic seizures in GEPRs [21] . Two GEPRs with knife cuts between the central and external nuclei within the inferior colliculus had their seizures blocked. Five other GEPRs with knife cuts between the inferior and superior colliculi reduced the severity of audiogenic seizures. Several of these intercollicular knife cut cases had a retrograde tracer, HRP, injected into the knife cuts [21] .
In these cases, HRP-labeled neurons were found in the external nucleus of the inferior colliculus, and labeled axons were located in the deep layers of the superior colliculus. Together, these data suggested a propagation pathway for audiogenic seizures in GEPRs that starts in the central nucleus of the inferior colliculus, then projects to the external nucleus of the inferior colliculus, and then to the deep layers of the superior colliculus [21] . In the second study, a c-fos mRNA method was used to examine seizure propagation pathways in GEPRs [22] . The use of c-fos mRNA, a proto-oncogene and a marker of elevated levels of neuronal activity, revealed brain structures involved in other models of epilepsy [23] . An in situ hybridization method for c-fos was employed for this study because it provides a more sensitive method to detect the expression of this immediate early gene than immunocytochemical localization [24] . Briefly, GEPRs were given four audiogenic seizures in one hour because a previous study used only one audiogenic seizure and did not show cfos immunolabeling in the superior colliculus [25] . The in situ hybridization data for c-fos showed that both the intermediate and deep layers of the superior colliculus expressed high levels for c-fos mRNA following audiogenic seizures in GEPRs (Fig. 4) These data provided further support that the superior colliculus is involved in the propagation of seizure activity in GEPRs. Later work by Faingold and Randall [26] provided physiological proof for the involvement of the deep layers of the superior colliculus in the seizure propagation pathway for audiogenic seizures in GEPRs. Thus, based on these studies, the superior colliculus is involved in the propagation of seizure activity in GEPRs.
The c-fos labeling showed interesting findings in the inferior colliculus [22] . Labeling in the dorsal cortex and external nucleus of the inferior colliculus was greater than that found in the central nucleus of this structure (Fig. 4) . This result suggests that the presumed site of seizure initiation, the central nucleus, is not activated as greatly as the brain regions involved in seizure propagation, such as the external nucleus and dorsal cortex of the inferior colliculus [22] .
Conclusions
In our initial papers on GEPRs, we showed that the number of GABAergic neurons, mainly the small neurons in the 10-15 μm size, were increased in the inferior colliculus. Subsequent studies showed that the GABAergic synapses in electron microscopic sections of GEPR inferior colliculus appeared normal but small neurons clustered together. Developmental and genetic studies indicated that the increase in small neurons in the GEPR inferior colliculus was present prior to seizure activity and that the increase in small neurons in the inferior colliculus showed a high correlation with audiogenic seizure score. The knife cut and c-fos mRNA labeling data provided evidence for a seizure pathway emanating from the central nucleus of the inferior colliculus, to its external nucleus and dorsal cortex, and then to the deep layers of the superior colliculus. The propagation of seizure activity is presumed to continue by an ipsilateral projection from the deep layers of the superior colliculus to the reticularis pontis oralis nucleus, and from here to the motor neurons of the spinal cord via the reticulospinal tract. These results have provided important data for our understanding of the neurotransmitters and structures that form the basis for audiogenic seizures in GEPRs. 
